The electrochemical immunosensors based on functional nanoparticle (NP) labels were described. We have developed functionalized silica NPs conjugates and functionalized gold nanoparticles for sensitive immunoassay of proteins such as mouse IgG and tumor necrosis factor-alpha (TNF-α). These functionalized NPs were characterized by AFM, TEM, X-ray photoelectron spectroscopy, or electrochemistry. And the analytical performance of these immunosensors was examined. It is found that these methods are very sensitive and the limit of detection was found to be down to 1.0 pM level. The work demonstrates the feasibility of developing a cheap, sensitive, and portable device for multiplexed diagnosis of different proteins. This method is simple, selective and reproducible for trace protein analysis and can be extended to study protein/protein, peptide/protein, and DNA/ protein interactions.
Introduction
Recently, using functional nanoparticles (NPs) (1) for biosensing has generated a large amount of interest because they are found to significantly enhance the sensitivity of various given methods with their unique electronic, optical, and mechanical properties. Electrochemical biosensors based on nanoparticle labels are very attractive for such bioassays, owing to their high sensitivity, inherent simplicity, miniaturization, and low cost. On the basis of a specific reaction of the antibody and antigen, electrochemical immunosensors provide a sensitive and selective tool for the determination of immunoreagents. Generally, the immunologic material is immobilized on a transducer; the analyte is measured through label species conjugated with one of the immunoreagents. The emergence of nanotechnology is opening new horizons for highly sensitive electrochemical assays of biomarkers (1-3). By incorporation with nanoparticles, electrochemical biosensors have shown great promise for diagnosis of trace biomolecules because the nanoparticle-based amplification platforms and amplification processes have been reported to dramatically enhance the intensity of the electrochemical signal and lead to ultrasensitive bioassays (1, 2, 4-6).
Scheme 1 shows the procedures for one of the electrochemical immnoassays. It involves two immunoreactions between a biotin-modified antibody linked to avidinmodified electrode and NP labels-modified secondary antibody in absence or presence of the antigen. Scheme 1. The procedure of the sandwich immunoreactions on avidin modified carbon electrode
Functional silica nanoparticles
So far, using silica NPs for bioanalytical applications is still in its infancy (7, 8) . Silica NPs show certain advantages for bioassays, e.g., ease of fabrication, functionalization, and stability in various environments. They have been used to attach fluorescent dyes (8, 9) or enzymes(10) for cell imaging or small biomolecular analyses. Furthermore, they have been evaluated as vehicles for drug (11) and gene(12) delivery. Here, we report a simple, sensitive electro-chemical immunosensor based on poly [G] functionalized silica NPs.
Guanine is electroactive, and its oxidation on the electrode surface is commonly used for label-free DNA analyses (13) (14) (15) (16) . Recently, Wang's group reported sensitive bioelectronic detection of proteins based on direct oxidation of guanine attached onto polystyrene microbeads (17) . However, this approach involves sophisticated procedures, e.g., magnetic separation, guanine digestion from polystyrene tags, and then electrochemical detection. Thorp's group and others have demonstrated that a mediator, e.g., Ru(bpy) 3
3+
-induced guanine oxidation can be used for ultrasensitive DNA analysis (13) . Here, we take advantage of poly[G] functionalized silica NPs and guanine catalytic oxidation for an amplified electrochemical protein assay. In this study, the functionalized silica NPs with poly [G] and an antibody were synthesized with the 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydro-chloride (EDC) / N-hydroxysuccinimide (NHS) approach. The functionalized silica NPs can be used as a label for an amplified electrochemical immunoassay. Mouse IgG was chosen as a model in this study. Scheme 2 illustrates the principle of an electrochemical immunoassay based on a poly [G] functionalized silica NP label. Biotinylated primary antibodies are first immobilized on an avidin-modified screen-printed electrode (SPE) and mouse IgG, then bound onto the antibody, and this is followed by an interaction with a secondary antibody labeled with poly [G] functionalized silica NPs. This introduces a large amount of guanine on the electrode surface. Guanines on silica NPs are thus used to reduce electrogenerated
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Ru(bpy) 3
3+
. The amplitude of the oxidation current of Ru(bpy) 3 2+ depends on the number of the captured guanine through immunoreaction events on the electrode surface, which is proportional to the concentrations of IgG in sample solutions. The catalytic reaction process is illustrated in Scheme 2.
Scheme 2. Schematic illustration of an electrochemical immunosensing antigens based on the poly(guanine) functionalized silica NPs on carbon electrode.
These functionalized silica NPs were characterized by atomic force microscopy, Xray photoelectron spectroscopy, and electrochemistry. All these techniques confirm that polyguanine are modified on the surface of silica nanoparticles. The numbers of guanine residues on the electrode surface can be estimated by the difference of the charges from Q-t curves with poly[G] modified silica NPs and silica NPs without guanines. According to equation Q = nFmΓ (here, Q is the charge, F is the Faraday constant, m is the total number of silica NP conjugates on the electrode, and Γ is the number of moles of guanine residues on each silica NP conjugate) (14) , the average number of guanine residues on each silica NP is estimated to be 1386.
We investigated the specificity and sensitivity of this approach for a protein assay. The time for protein interaction was 45 minutes. Notice that it is critical for using a bovine serum albumin (BSA) block step to prevent physical adsorption and using washing buffer containing 0.1% BSA to thoroughly clean the electrode surface. Figure 1 shows the typical square wave voltammetric (SWV) signals of this sandwich immunoassay with an increasing concentration of the IgG in Ru(bpy) 3 Cl 2 solution. It can be found that the voltammetric peaks are well defined (E pa , 1.1 V), and the peak currents increase with the increase of IgG concentration. For a control experiment (in the absence of IgG), a negligible current at the electrode was found, which is caused by a small physical adsorption of the functionalized silica NPs on the electrode surface. It is very obvious from Figure 1 that the enhanced peak current contributes to guanine residues on each antibody/antigen/antibody complex formed. A series of six repetitive measurements of the 50 ng mL -1 IgG yielded reproducible SWV peaks with a relative standard deviation of 10% (not shown). Figure 1 (B) shows the plot of peak current vs. logarithm of the ECS Transactions, 2 (19) 1-7 (2007) concentration of mouse IgG. As can be seen in Figure 1 (B) , the current was linearly increased with the logarithm of concentration of the Mouse IgG (R 2 =0.996). The limit of detection (LOD) for this immunosensor based on S/N=3 is estimated to be about 0.2 ng/ml (about 1.3 pM), which corresponds to about 39 attomole mouse IgG in a 30-µl sample solution. Therefore, the electrochemical protein assay developed in this work is much more sensitive than the colorimetric protein assay (18) . We also use this technique to analyze TNF-α and it was found that the diction limit for this method is also down to about 1 pM level (Results will be published elsewhere). 
Gold Nanoparticle Labels
E Using gold nanoparticles as labels has attracted considerable research attention for DNA and protein bioassays because of its unique optical and electronic properties (4, 6, 19, 20 Here we report on a renewable electrochemical magnetic immunosensor with the adaptation of the magnetic beads, the gold nanoparticle label, and the highly sensitive electrochemical stripping analysis. The new magnet/ carbon paste electrode offers a convenient immunoreaction and electrochemical sensing platform. The magnet is embedded into the electrode hold to provide a magnetic field and conductivity connection; carbon paste provides an electronic contact between the captured gold nanoparticle and electrode surface. Instead of using an enzyme label, as was the case in , 2 (19) 1-7 (2007) ) unless CC License in place (see abstract). ecsdl.org/site/terms_use address. Redistribution subject to ECS terms of use (see 54.191.40.80 Downloaded on 2017-08-27 to IP most of the previous electrochemical immunosensors based on magnetic beads, gold nanoparticles are used as the tracer in our new protocol to simplify the electrochemical detection procedure. The electrochemical detection can be finished in 10 s with fast square wave anodic stripping voltammetric (SWASV) scanning without adding additional reagent, such as a substrate. The principle of operation, whose key step is presented in Scheme 3, involves a sandwich immunoreaction (A-C) among antibodycoated magnetic beads, an analyte and gold nanoparticle-labeled secondary antibody, and direct electrochemical stripping analysis of gold nanoparticle tracers (D). To illustrate the principle, the IgG system was employed as a model for the sandwich immunoassay. The structure and morphology of the resulting antibody/antigen-linked particle assembly were characterized by TEM. And TEM imaging indicates that the antibody/antigen complex formation results in linking the gold nanoparticles (~10nm). High resolution scanning electron microscopy allows visualization of individual gold nanoparticles on the magnetic beads. Further the assay conditions were optimized and it was found that 20 µl of magnetic bead loading, 10 µl of anti-IgG-gold nanoparticle conjugate solution were the best volume for the immunosensor and optimal incubation time is about 40 min. points. A series of 10 repetitive measurements of a sample solution containing 0.2 µg ml −1 with new CPE surface and magnetic beads yielded a reproducible gold stripping peak with relative standard deviations of 4.5%. Figure 2 . Stripping current-versus-concentration plot for magnetic immunosensor after the sandwich immunoassay under optimal experimental conditions.
Conclusion
We have developed the effective, sensitive, and inexpensive electrochemical immunosensors based on functionalized nanoparticle labels. These methods are simple, selective, and reproducible for trace protein analysis. High sensitivity for the functionalized silica NPs based biosensor is attributed to guanine catalytic oxidation and a large mount of guanines loaded by each silica NP, while the good sensitivity for gold NPs based sensor is due to gold oxidation on electrode surface. The work demonstrates the feasibility of developing a cheap, sensitive, and portable device for multiplexed diagnosis of different proteins. This method is simple, selective, and reproducible for trace protein analysis and can be extended to study protein/protein, peptide/protein, and DNA/ protein interactions.
